ABSTRACT: An effective, nontoxic, tumor-specific immunotherapy is the ultimate goal in the battle against cancer, especially the metastatic disease. Checkpoint blockade-based immunotherapies have been shown to be extraordinarily effective but benefit only the minority of patients whose tumors have been pre-infiltrated by T cells. Here, we show that Zn-pyrophosphate (ZnP) nanoparticles loaded with the photosensitizer pyrolipid (ZnP@ pyro) can kill tumor cells upon irradiation with light directly by inducing apoptosis and/or necrosis and indirectly by disrupting tumor vasculature and increasing tumor immunogenicity. Furthermore, immunogenic ZnP@pyro photodynamic therapy (PDT) treatment sensitizes tumors to checkpoint inhibition mediated by a PD-L1 antibody, not only eradicating the primary 4T1 breast tumor but also significantly preventing metastasis to the lung. The abscopal effects on both 4T1 and TUBO bilateral syngeneic mouse models further demonstrate that ZnP@pyro PDT treatment combined with anti-PD-L1 results in the eradication of light-irradiated primary tumors and the complete inhibition of untreated distant tumors by generating a systemic tumor-specific cytotoxic T cell response. These findings indicate that nanoparticle-mediated PDT can potentiate the systemic efficacy of checkpoint blockade immunotherapies by activating the innate and adaptive immune systems in tumor microenvironment.
■ INTRODUCTION
Breast cancer is the most common cancer for females in the United States and the second most common cause of cancerrelated death in women. 1 In particular, metastatic triplenegative breast cancer (mTNBC) is associated with a poor prognosis and has no effective targeted therapy available, making this breast cancer subtype almost fatal. 2 The relative ineffectiveness of surgical interventions, radiation, and cytotoxic chemotherapies has driven interest in immunotherapy as a primary treatment modality. 3 Tumor immunotherapy operates on the premise that cancer cells can be eliminated by host cytotoxic CD8 + T cells, 4 although these cells themselves can be subjected to various suppressive mechanisms including inhibition by regulatory T (Treg) cells, 5 myeloid derived suppressor cells, 6 and induced expression of programmed death-1 (PD-1) and other inhibitory checkpoint receptors, 7 all limiting the antitumor functions of cytotoxic lymphocytes.
Targeting T cell inhibitory checkpoint signaling pathways overexpressed in tumors with antibodies has provided a promising strategy for tumor-specific immunotherapy. 8 The unusually high density of transmembrane protein PD-L1 expressed on tumors presents the PD-1/PD-L1 pathway as a valuable target:
9 two PD-1 targeted antibodies, nivolumab and pembrolizumab, and one PD-L1 targeted antibody, atezolizumab, have already been approved by the Food and Drug Administration for the treatments of advanced melanoma, nonsmall cell lung cancer, and bladder cancer, respectively.
10
However, only a small minority of cancer patients respond to checkpoint inhibition due to its reliance on high expression of PD-L1 on tumors and/or pre-existing tumor-infiltrating CD8 + T cells expressing PD- 1. 7a,11 This evidence indicates that strategies that can induce immunogenic tumor microenvironments to enhance T cell infiltration might sensitize tumors to checkpoint therapy and improve response rates. 4d,12 Photodynamic therapy (PDT) is a clinically used, minimally invasive therapeutic procedure that has also been shown to induce antitumor immunity. 13 In PDT, a photosensitizer (PS) accumulated in tumors is activated with a specific wavelength of light in the presence of oxygen to generate reactive oxygen species (ROS), predominantly the singlet oxygen ( 1 O 2 ), which kills tumor cells directly by inducing necrosis and/or apoptosis and indirectly by disrupting tumor vasculature and producing tumor-specific immunity.
14 The precise mechanisms involved in PDT-mediated induction of antitumor immunity are not yet fully understood. Potential contributing factors include alterations in the tumor microenvironment via stimulation of proinflammatory cytokines and direct effects of PDT on the tumor that increase immunogenicity. 15 We hypothesize that highly effective PDT can sensitize tumors to checkpoint blockade therapy by inducing acute inflammation and increasing tumor immunogenicity to broaden the use of checkpoint blockade immunotherapies in metastatic cancers.
Selective accumulation of PSs in tumors is critical for effective PDT by minimizing collateral damage to surrounding healthy tissues. However, typically PSs are hydrophobic and aggregate in aqueous media, which deleteriously affects their photophysical (decreased 1 O 2 formation), chemical (decreased solubility) and biological (insufficient tumor localization) properties, thereby diminishing the PDT efficacy.
16 Nanoparticles can increase the solubility of hydrophobic therapeutic or PDT agents and offer proper size and surface properties to prolong blood circulation, allowing for their selective accumulation in tumors via the enhanced permeability and retention (EPR) effect.
17 Tumor accumulation may be further improved by modifying the particle surface with cancer targeting ligands.
18 Indeed, a number of nanoparticles have been explored as promising delivery vehicles for molecule-or material-based PDT alone or combined with chemotherapeutic agents to cancers in order to enhance the phototreatment efficiency, and in some cases, encouraging preclinical and clinical data are emerging.
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Here we report the design of nontoxic core−shell nanoparticles (ZnP@pyro) with a coordination polymer of Zn and pyrophosphate (ZnP) in the core and the photosensitizer pyrolipid (a lipid conjugate of pyropheophorbide-a) in the shell for highly effective PDT. ZnP@pyro is optimally biocompatible as both Zn and pyrophosphate are endogenously found in blood plasma and pyrolipid is nontoxic without light activation. 20 The particles showed minimal uptake by the mononuclear phagocyte system (MPS), prolonged blood circulation, and preferential accumulation in the tumor after systemic injection, due to the EPR effect. The dual selectivity of tumor-targeted nanomedicine and the spatially controlled light irradiation minimizes damage to normal tissues to reduce systemic toxicity associated with classical PDT. This novel nanomedicine harnessed the power of PDT for direct cell killing and stimulation of systemic immune response for cancer treatment. We demonstrated that ZnP@pyro PDT treatment could sensitize tumors to checkpoint blockade therapy ( Figure  1 ): the combination of ZnP@pyro PDT treatment with PD-L1 checkpoint blockade therapy not only eradicated the primary tumors, but also significantly prevented lung metastases in a 4T1 mTNBC murine model. In addition, the combination therapy produced an efficient abscopal effect on two bilateral syngeneic mouse models, 4T1 and TUBO, leading to the complete inhibition of the non-irradiated pre-existing distant tumors. These findings indicate that the proportion of cancers responding to checkpoint therapy can be substantially increased by combining checkpoint blockade with immunogenic conventional therapies such as PDT.
■ RESULTS AND DISCUSSION
Preparation and Characterization of ZnP@pyro. ZnP nanoparticles were first synthesized by the polymerization between Zn 2+ ions and pyrophosphate in the presence of 1,2-dioleoyl-sn-glycero-3-phosphate sodium salt (DOPA, Figure   S1 ). The coordination polymerization between Zn 2+ ions and pyrophosphate linkers was confirmed by extended X-ray absorption fine structure (EXAFS) studies ( Figure S1 and Table S1 ). ZnP particles are capped with a DOPA monolayer via the interactions between phosphate groups of DOPA and free Zn coordination sites on ZnP which are reinforced by hydrophobic−hydrophobic interactions between DOPA molecules. The DOPA coating not only controls the particle size but also makes the nanoparticles dispersible in organic solvents, facilitating pyrolipid loading into the shell. ZnP exhibited a number-average diameter of 25.1 ± 0.7 nm and a polydispersity index (PDI) of 0.13 ± 0.01, as determined by dynamic light scattering (DLS, Figure S2 ). The transmission electron microscopy (TEM) image showed that ZnP was generally spherical in shape with good monodispersity ( Figure S3 ).
ZnP was further coated with a mixture of lipids containing 1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, pyrolipid, and 1,2-diastearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)2000] (DSPE-PEG2k) in a 2:1:1:1 molar ratio to afford the core−shell nanoparticle ZnP@pyro. The self-assembled asymmetric lipid bilayer contained pyrolipid as a PS for PDT, DOPC as a lipid component to form a lipid bilayer, cholesterol as a lipid excipient to order, condense, and stabilize the lipid bilayer structure, and DSPE-PEG2k to endow "stealth" and long circulation properties (Figure 2A ). Zn@pyro was observed by TEM to be well-dispersed, uniformly spherical nanoparticles ( Figure 2B ). DLS measurements gave a number-average diameter, PDI, and zeta potential of 45.4 ± 2.8 nm, 0.13 ± 0.01, and −1.5 ± 0.3 mV, respectively ( Figure 2C ). ZnP@pyro also exhibited favorable structural stability in a physiological environment, as evidenced by consistent size and PDI when incubated in phosphate buffer solution (PBS) containing 5 mg/ mL bovine serum albumin (BSA) for up to 24 h ( Figure S4 ). We hypothesize that the small size, near neutral surface charge, and high stability of ZnP@pyro should endow the particle with low MPS uptake, prolonged blood circulation, and improved 
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Article tumor uptake, making ZnP@pyro ideal for in vivo therapeutic applications.
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Pyrolipid was incorporated into lipid bilayer at the very high loading of 10.6 ± 0.5 wt%, as determined by UV−vis at 669 nm. Due to the high loading, > 97% of the pyrolipid fluorescence was self-quenched when the lipid layer was intact. After the addition of Triton X-100 to disrupt the lipid bilayer, pyrolipid was freed from the ordered structure of ZnP@pyro and regained its fluorescence ( Figure S5 ). The 1 O 2 generation efficiency of ZnP@pyro was determined in the presence of singlet oxygen sensor green (SOSG) regent. When the lipid bilayer was intact, ZnP@pyro generated very little singlet oxygen, likely due to the quenching of pyrolipid excited states before it can transfer energy to triplet oxygen. After addition of Triton X-100 to ZnP@pyro, 1 O 2 generation upon light irradiation was restored to a similar efficiency to that of free pyrolipid at the same concentration ( Figure S6 ).
ZnP@pyro Shows Long Circulation and High Tumor Accumulation. The pharmacokinetics (PK) and biodistribution studies on orthotopic 4T1 tumor-bearing BALB/c mice showed that ZnP@pyro exhibited a prolonged blood circulation half-life of 14.5 ± 2.2 h after intravenous (i.v.) injection ( Figure  2D ). ZnP@pyro also showed low distribution in the liver (<5 ID%/g), spleen (<8 ID%/g), and kidneys (<6 ID%/g), suggesting that ZnP@pyro can avoid MPS uptake. Slow blood clearance and low MPS uptake led to high tumor accumulation, with the highest tumor uptake measured to be 15.6 ± 2.5 ID%/g at 24 h post i.v. administration ( Figure 2E ). The confocal laser scanning microscope (CLSM) imaging confirmed the high distribution of ZnP@pyro in the tumor at 24 h after i.v. injection ( Figure S7 ). By contrast, free pyrolipid showed a low tumor accumulation of 3.2 ± 1.7 ID%/g and very high accumulation in liver, heart, and spleen at 24 h post i.v. administration ( Figure S8 ).
ZnP@pyro PDT Induces Cell Apoptosis and/or Necrosis in Vitro and in Vivo. ZnP@pyro was rapidly internalized by 4T1 tumor cells, with most uptake occurring within 1 h followed by stable amounts measured over 24 h ( Figure S9 ). High cellular uptake and negligible efflux (<2%) ( Figure S10 ) ensured the high cellular accumulation of ZnP@ pyro. Confocal images showed that the fluorescence of ZnP@ pyro was quite dim in the first 2 h incubation, but became much brighter after 2 h incubation ( Figure S11 ). The initial dim signal indicates fluorescence quenching and suggests that ZnP@pyro maintains its structural integrity in cells for the first 2 h, followed by the lipid layer dissociation and pyrolipid release. After release, pyrolipid can absorb light to generate cytotoxic ROS, killing tumor cells by inducing apoptosis and/or necrosis.
ZnP@pyro induced no cytotoxicity in cells without irradiation (IC 50 > 5 μM), but exhibited very high cytotoxicity after irradiation at a light dose of 54 J/cm 2 , given at 60 mW/ cm 2 for 15 min, as shown by a significant decrease in the IC 50 value (0.42 ± 0.02 μM) ( Figure S12 and Table S2 ), confirming that ZnP@pyro is nontoxic without light activation, and the local application of light can specifically control the cytotoxic effect. Flow cytometry assay showed that ZnP@pyro at a concentration of 0.2 μM failed to induce apoptosis and/or necrosis without irradiation, but evoked high levels of apoptosis and/or necrosis consistent with free pyrolipid under irradiation 
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Article ( Figure 3A and Figure S13 ), which was further confirmed by confocal imaging. Cells treated by ZnP@pyro with irradiation could be stained by both Annexin V and propidium iodide (PI), showing that cells were in late apoptosis and/or necrosis ( Figure 3B and Figure S14 ).
We also investigated the ability of ZnP@pyro and light irradiation to induce apoptosis and/or necrosis in vivo. Orthotopic 4T1 tumor-bearing mice were i.v. injected with free pyrolipid or ZnP@pyro at the same dose of 6 mg/kg. Twenty-four hours after injection, tumors were irradiated with a 670 nm light-emitting diode (LED) at a light dose of 180 J/ cm 2 , given at 100 mW/cm 2 for 30 min. After treatment, tumors were collected, sectioned, and subjected to hematoxylin and eosin (H&E) staining and TdT-mediated dUTP nick end labeling (TUNEL) assay. Histological analysis of tumors treated with free pyrolipid showed compact tumor cells with intact structure, compared to the sparse and separated tumor cells in tumors treated with ZnP@pyro PDT ( Figure 3C ). The presence of green fluorescence from DNA fragmentation by the TUNEL assay and the high percentage of TUNEL-positive cells (around 80%) further confirmed the ability of ZnP@pyro PDT to induce apoptosis and/or necrosis in vivo ( Figure 3C and Figure S15 ). The drastic difference in the ability of free pyrolipid and ZnP@pyro to induce apoptosis and/or necrosis in vivo is likely due to the low distribution of free pyrolipid in tumor tissues at the time of light irradiation, highlighting the need for ZnP@pyro nanoparticles to take advantage of the EPR effect for high tumor accumulation.
ZnP@pyro PDT Induces 4T1 Tumor Cell Immune Phenotypes in Vitro and in Vivo. Calreticulin (CRT) is a chaperone protein abundant in the endoplasmic reticulum (ER) that is transported to the cell surface in response to ER stress as an indicator of immunogenic cell death (ICD).
22 PDT has been reported to cause CRT exposure through a distinct and rapid pathway that relies on protein kinase RNA-like endoplasmic reticulum kinase (PERK). 23 Once on the cell surface, CRT serves as an "eat-me" signal, stimulating the engulfment of dying tumor cells and their apoptotic debris by macrophages and immature dendritic cells (DCs). 24 We tested the ability of ZnP@pyro under irradiation to induce immunogenic phenotypes on 4T1 tumor cells by determining the CRT exposure. After incubation with ZnP@pyro and irradiation at a light dose of 54 J/cm 2 , cells were stained with Alexa Fluor 488-CRT antibody and analyzed by flow cytometry. ZnP@pyro with irradiation induced CRT exposure comparable to free pyrolipid, in terms of CRT fluorescence intensity and CRT-positive cells. As shown in Figure 4A ,B, ZnP@pyro and free pyrolipid with irradiation induced CRT exposure on ∼87% and 90% of cells, respectively. The CLSM images confirmed the flow cytometry results that ZnP@pyro only induced CRT exposure under irradiation ( Figure 4C and Figure S16 ), suggesting that PDT but not pyrolipid itself induces 4T1 tumor cell immunogenic properties.
Building on these observations, we tested the CRT exposure on 4T1 tumors treated with ZnP@pyro plus irradiation. As shown in Figure 4D , ZnP@pyro PDT treatment significantly increased CRT staining within 4T1 tumor nodules, a result that mirrors our in vitro findings. However, free pyrolipid PDT treatment induced minimal CRT exposure in vivo due to inefficient tumor accumulation at the time of light irradiation. These data demonstrate that ZnP@pyro PDT can induce immunogenic phenotypes in 4T1 tumor cells both in vitro and in vivo.
ZnP@pyro PDT Induces Acute Inflammation in Vivo. To evaluate the level and duration of inflammation evoked by PDT of ZnP@pyro, blood was collected daily from orthotopic 4T1 tumor-bearing mice from day 0 when the mice received the ZnP@pyro injection to day 3. The serum was separated and analyzed by enzyme-linked immunosorbent assay (ELISA) to determine the production of TNF-α, IL-6, and IFN-γ cytokines. Release of such cytokines indicates acute inflammation, an important mechanism in inducing antitumor immunity by PDT.
13c,25 High levels of TNF-α, IL-6, and IFN-γ were observed on day 2 post light irradiation in mice treated by ZnP@pyro PDT, indicating that PDT can successfully cause inflammation ( Figure 4E ). However, 2 days after PDT treatment, all three proinflammatory cytokine levels rapidly dropped to baseline levels, suggesting that inflammation caused by ZnP@pyro PDT was only an acute response.
ZnP@pyro PDT Combined with PD-L1 Blockade Eradicates Primary 4T1 Tumor and Prevents Lung Metastasis. In order to determine whether antitumor immunity triggered by ZnP@pyro PDT could be harnessed for sensitizing tumors to checkpoint blockade therapy, we shown by H&E staining (top, scale bar = 100 μm) and TUNEL assay (bottom, scale bar = 50 μm). Syngeneic 4T1 tumor-bearing mice were i.v. injected with free pyrolipid or ZnP@pyro at an equivalent dose of 6 mg/kg, followed by light irradiation at a dose of 180 J/cm 2 (670 nm, 100 mW/cm 2 for 30 min). Tumors were collected, sectioned, and subjected to H&E staining and TUNEL assay. "(+)" in the figure legends refers to treatment with irradiation.
Article investigated the antitumor activity and antimetastatic effect of ZnP@pyro PDT combined with anti-PD-L1 (α-PD-L1, Clone: 10F.9G2, Catalog No. BE0101, BioXCell) on 4T1 tumors. Orthotopic 4T1 tumors in the mammary fat pads of mice produce spontaneous metastases to the lung, making it a suitable experimental animal model for stage IV human breast cancer.
26 4T1 tumor-bearing mice were i.v. injected with ZnP@ pyro at a pyrolipid dose of 6 mg/kg every 2 days for a total of three treatments. Twenty-four hours post injection, tumors were irradiated with a 670 nm LED at an irradiance of 100 mW/cm 2 for 30 min. After irradiation, mice were intraperitoneally (i.p.) injected with anti-PD-L1 antibody at a dose of 75 μg/mouse. As indicated in Figure 5A −C, anti-PD-L1 itself failed to delay 4T1 tumor progression. In contrast, ZnP@ pyro PDT treatment significantly inhibited 4T1 tumor growth with a 68% reduction in tumor volume and a 75% reduction in tumor weight compared to the PBS control group. Notably, ZnP@pyro PDT combined with anti-PD-L1 treatment completely eradicated the primary 4T1 tumor, indicating that the combination treatment was markedly better than either ZnP@pyro PDT or anti-PD-L1 alone. In addition, no weight loss was observed in ZnP@pyro PDT plus anti-PD-L1 treated group, indicating the absence of severe systemic toxicity ( Figure  S17 ).
At the end of the study, 23 days after tumor inoculation, mice were sacrificed and assessed for the extent of metastasis to the lungs by gross examination of tissue for tumor nodules. Compared to the PBS control, ZnP@pyro PDT or anti-PD-L1 alone showed little effect on preventing lung metastasis, while the combination treatment significantly reduced tumor nodules: only one or two tumor nodules were found on the lungs of those receiving combination treatment, compared to 31 ± 6 tumor nodules observed in the PBS control group (Figure 5D ,E). Lungs were further sectioned and stained with H&E to quantify the proportion of the metastasis area to the whole lung. As shown in Figure 5F ,G, about 37%, 30%, and 26% of lungs were occupied by tumors in PBS-, ZnP@pyro PDT-, and anti-PD-L1-treated groups, respectively. Combination treatment significantly decreased the percentage of metastasis in the lung to only 0.4%, indicating that the combination treatment was much more effective in preventing lung metastasis than either ZnP@pyro PDT or anti-PD-L1 alone. Lungs were also digested, and the cells were cultured in the presence of 60 μM 6-thioguanine for 10 days. After fixation with menthol, colonies formed by clonogenic metastatic cancer cells were stained with 0.1% crystal violet. Because 4T1 tumor cells are resistant to 6-thioguanine, only metastasized tumor cells can proliferate and form colony. 27 As shown in Figure 5H , the combination treatment significantly reduced the colonies number to only 6 ± 3, compared to PBS-, ZnP@pyro PDT-, and anti-PD-L1-treated groups, which all formed numerous colonies. The quantitative results showed that the absorbance of the combination treatment group was only 4.5 ± 1.5% of the PBS control group (Figure 5I ), which indicates that there were much less clonogenic metastatic cancer cells in the lungs treated by ZnP@pyro PDT plus anti-PD-L1 than that treated by PBS.
Our findings were consistent with previous reports that 4T1 tumor showed no response to anti-PD-L1, possibly due to their low expression of PD-L1. 28 However, literature reports indicate that checkpoint blockade immunotherapy can be enhanced by combining with other immunogenic therapies. For example, ibrutinib was able to convert a weak antitumor T-cell immune response induced by anti-PD-L1 antibody into a powerful one, although it did not affect the PD-L1 expression level in tumors. 28 In another example, the combination of oxaliplatin with cyclophosphamide was shown to induce tumor cell immune phenotypes, trigger adaptive and innate immunity, and sensitize tumors to checkpoint blockade therapy. 29 We demonstrated that PDT treatment can also increase tumor immunogenicity and induce acute inflammation, thereby producing tumor-specific immunity. The tumor-specific immunity evoked by PDT enhanced the effect of immune checkpoint therapy, resulting in the eradication of primary tumor and the prevention of lung metastasis.
ZnP@pyro PDT Combined with PD-L1 Blockade Not Only Prevents Metastasis but Also Completely Inhibits Larger, Pre-existing Metastatic Tumors. A bilateral subcutaneous 4T1 model was used to determine whether the induced antitumor immune response by ZnP@pyro PDT plus anti-PD-L1 antibody could be effective against larger, preexisting metastatic tumors. ZnP@pyro was systemically injected but only the right (primary) tumors were irradiated. As indicated in Figure 6A −C, anti-PD-L1 alone exhibited very little effect on the inhibition of either the primary or the distant tumors. ZnP@pyro with irradiation effectively controlled primary tumor growth but did not significantly inhibit the 
Article distant tumors, compared to the anti-PD-L1 group. However, the combination of ZnP@pyro with irradiation and PD-L1 blockade induced complete eradication of the irradiated primary tumors (synergistic effect) and effective control of the nonirradiated distant tumors (abscopal effect), eliciting a 92% reduction in tumor size compared to the PBS control group. These results indicate that tumors can be sensitized to PD-L1 blockade immunotherapy by ZnP@pyro PDT-mediated tumor-specific immune responses, and the combination of ZnP@pyro PDT and PD-L1 blockade has the potential to become a potent immunotherapy strategy in the management of patients with metastatic cancer.
ZnP@pyro PDT Sensitizes Other Tumors to Immune Checkpoint Therapy. Finally, we tested whether the antitumor immunity of ZnP@pyro PDT could also sensitize other tumors to immune checkpoint therapy. We explored another syngeneic murine breast cancer model, TUBO, and similarly found that TUBO-bearing mice also failed to respond to anti-PD-L1 antibody. However, when combined with ZnP@ pyro PDT, anti-PD-L1-mediated checkpoint blockade therapy completely eradicated primary tumors and significantly inhibited the growth of distant tumors ( Figure 6D−F) . These results demonstrate that our findings in the 4T1 mouse model could be extended to other tumor types. To further validate earlier findings that our nanoparticle formulation of pyrolipid is necessary to observe the in vivo effects, we also determined the efficacy of free pyrolipid PDT plus anti-PD-L1, which showed no significant difference from anti-PD-L1 alone ( Figure 6D−F) . This result was consistent with the earlier results that free pyrolipid PDT induced low apoptosis/necrosis, low CRT 
Article exposure, and low cytokines level in vivo, compared to ZnP@ pyro PDT, due to its inefficient accumulation in tumor tissues.
ZnP@pyro PDT Combined with PD-L1 Blockade Activates Systematic Antitumor Immune Response. The inhibition of distant tumors in 4T1-and TUBO-bearing mice treated with ZnP@pyro PDT plus anti-PD-L1 implied an effective induction of systemic antitumor immune response. We first validated this hypothesis in TUBO model with an IFN-γ ELISPOT assay to determine the presence or absence of tumor-specific cytotoxic T cells. Splenocytes were harvested from TUBO-bearing mice at day 12 after the first treatment and stimulated with antigen-presenting 3T3/NKB cells, which express TUBO-derived antigen neu, and the IFN-γ spotforming cells (SFC) were determined. 30 We found that the numbers of IFN-γ SFC significantly increased in both PD-L1 blockade (IFN-γ SFC/10 4 cells = 2.20 ± 1.54) and ZnP@pyro PDT plus anti-PD-L1 groups (IFN-γ SFC/10 4 cells = 2.66 ± 1.95), compared to the PBS control group (IFN-γ SFC/10 4 cells = 0.29 ± 0.31) ( Figure 7A ).
After initial indication of systemic immune response, we further profiled infiltrating leukocytes in the distant tumors. The percentage of CD45 + leukocytes in the total tumor cells significantly increased by about 45% in the ZnP@pyro PDT plus anti-PD-L1 treatment group (25.4 ± 6.01%), compared to the PBS control group (17.5 ± 1.45%) ( Figure 7B) . Specifically, the percentages of NK cells (17.2 ± 3.89%), CD8 + T cells (1.45 ± 0.65%) and CD4 + T cells (0.97 ± 0.16%) all significantly increased in the anti-PD-L1 treated group compared to the PBS control group (NK cells, 9.28 ± 3.07%; CD8 + T cells, 0.63 ± 0.20%; CD4 + T cells, 0.33 ± 0.18%) ( Figure 7C −E), while the percentage of B cells significantly increased in ZnP@pyro PDT treated group (6.65 ± 3.64%) compared to the PBS control group (3.01 ± 2.06%) ( Figure  7F ). These results suggest that PD-L1 checkpoint blockade plays an important role in promoting the dramatically increased NK cell infiltration and accumulation in the distant tumor sites and activating tumor-specific T cells responses to control the distant tumors, while ZnP@pyro PDT evokes B cells infiltration to the distant tumors, which can potentially induce antitumor humoral immune responses. PDT and checkpoint blockade therapy each initiate unique forms of immune response, which were both found in ZnP@pyro PDT plus anti-PD-L1 treatment (NK cells, 17.6 ± 6.17%; CD8 + T cells, 1.72 ± 0.66%; CD4 + T cells, 1.04 ± 0.32%; B cells, 8.28 ± 3.25%). The increase in CD8 + T cell infiltration and activity may have been influenced by the PD-L1 blockade, as PD-L1 has been reported to negatively regulate T cells. 31 There was also a slight, though not statistically significant, decrease in the percentage of regulatory T cells in tumors treated with ZnP@ pyro PDT combined with PD-L1 blockade ( Figure S18 ), which may have contributed to the increased CD8 + T cells activity. A combination of these immune responses were likely required for the eradication of the primary tumor and inhibition of distant tumor, supporting the increased efficacy of ZnP@pyro PDT combined with immune checkpoint blockade therapy.
The antitumor immune response elicited by ZnP@pyro PDT in combination with anti-PD-L1 was further confirmed by immunofluorescence assay. We found that ZnP@pyro with irradiation plus anti-PD-L1 treatment instigated CD3 + T cell infiltration within the distant tumor tissues, whereas no tumor- ) at 24 h after nanoparticle injection and i.p. injection of anti-PD-L1 at a dose of 75 μg/mouse. The treatment was carried out every other day for a total of three treatments. Primary and distant tumor growth curves in 4T1 (A,B) and TUBO (D,E) models. The arrows represent the time of nanoparticle administration (black) and irradiation (red). (C,F) Weight of 4T1 (C) and TUBO (F) tumors at the end point of the experiment. "(+)" in the figure legends refers to treatment with irradiation. *P < 0.05, ** P < 0.01, *** P < 0.001.
Article infiltrating CD3 + T cells were observed in the PBS control group. In addition, a large fraction of the tumor-infiltrating CD3 + T cells were CD8 + ( Figure 7G ), indicating the ability of ZnP@pyro PDT plus anti-PD-L1 to promote CD8 + T-cell infiltration into tumors.
■ CONCLUSION
We have developed nontoxic and immunogenic ZnP@pyro nanoparticles for the effective treatment of metastatic breast cancer by combining PDT and checkpoint blockade immunotherapy. ZnP@pyro showed prolonged blood circulation and enhanced tumor accumulation after systemic administration, thereby effectively inhibiting tumor growth upon light irradiation. More importantly, ZnP@pyro-mediated PDT induced an immunogenic environment in tumors and sensitized tumors to PD-L1 checkpoint blockade therapy. As a result, ZnP@pyro PDT combined with anti-PD-L1 not only eradicated the primary tumors, but also prevented the lung metastasis and inhibited the pre-existing metastatic tumors by generating systemic antitumor immunity. Our results indicate that immunogenic therapies may provide immediate clinical benefit by expanding the small proportion of cancer patients who respond to current immune checkpoint treatments.
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Experimental details, supporting Figures S1−S18 and Tables S1 and S2 (PDF) Figure 7 . ZnP@pyro PDT plus immune checkpoint therapy activates systematic antitumor immune response. Bilateral syngeneic tumor models of TUBO were developed by subcutaneously injecting cancer cells into both the right and left flank regions of each animal. The right tumors were designated as primary tumors for light irradiation, and the left tumors were designated as distant tumors and not subjected to light irradiation. ZnP@ pyro was i.v. injected into mice, followed by light irradiation at a dose of 180 J/cm 2 (670 nm, 100 mW/cm 2 ) at 24 h after nanoparticle injection and i.p. injection of anti-PD-L1 at a dose of 75 μg/mouse. The treatment was carried out every other day for a total of three treatments. On day 22 (12 days post initial treatment), splenocytes from different treatment groups were harvested and stimulated with 3T3/NKB cells or control 3T3/KB cells for 48 h, the IFN-γ SFC were determined by ELISPOT (A). The distant tumors were harvested for flow cytometry, the percentages of CD45 
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